Phytophthora root and stem rot (PRSR) is a destructive soybean disease in major soybean-growing countries across the world. An average annual yield loss caused by PRSR was estimated as 1.1 million tons in the United States and Ontario, Canada, from 2007 to 2014, which ranked second to fifth among common soybean diseases ([@b3-ppj-35-698]; [@b24-ppj-35-698]; [@b40-ppj-35-698]).

The causal agent *Phytophthora sojae* Kaufmann & Gerdemann is a soil-borne oomycete pathogen, and soybean is its primary host ([@b22-ppj-35-698]). The occurrence of *P. sojae* was first reported in Indiana, the United States, in 1952, and it is widely distributed in the major soybean-growing regions including the U.S., Brazil, Argentina, China, Japan, and Australia ([@b2-ppj-35-698]; [@b13-ppj-35-698]; [@b19-ppj-35-698]; [@b21-ppj-35-698]; [@b31-ppj-35-698]; [@b33-ppj-35-698]). PRSR is a monocyclic disease, and *P. sojae* can overwinter in soil or plant debris and survive over 15 years ([@b31-ppj-35-698]). In poorly drained soil, it can germinate and produce zoospores that can infect roots of susceptible soybean genotypes. Disease symptoms include seedling damping-off at the early stage of growth, root and stem rot, yellowing, and wilting in susceptible plants during the later stage of growth ([@b31-ppj-35-698]).

The management of PRSR has mainly involved the genetic resistance of soybean conditioned by the single dominant resistance gene known as *Rps* (Resistance to *Phytophthora sojae*) ([@b14-ppj-35-698]). *Rps*-mediated resistance is qualitatively inherited and race-specific, and it generally provides complete defense to *P. sojae*, except *Rps2* which confers incomplete and root-specific resistance ([@b27-ppj-35-698]). To date, over 30 resistance alleles have been identified or mapped on nine chromosomes of the soybean genome from different genetic sources in China, Japan, and South Korea ([@b4-ppj-35-698]; [@b5-ppj-35-698]; [@b6-ppj-35-698]; [@b8-ppj-35-698]; [@b9-ppj-35-698]; [@b10-ppj-35-698]; [@b11-ppj-35-698]; [@b12-ppj-35-698]; [@b18-ppj-35-698]; [@b20-ppj-35-698]; [@b23-ppj-35-698]; [@b25-ppj-35-698]; [@b26-ppj-35-698]; [@b28-ppj-35-698]; [@b29-ppj-35-698]; [@b30-ppj-35-698]; [@b36-ppj-35-698]; [@b35-ppj-35-698]; [@b39-ppj-35-698]; [@b41-ppj-35-698]). Of the genes, a few, *Rps1a*, *Rps1b*, *Rps1c*, *Rps1k*, *Rps3a*, and *Rps6*, have been deployed into commercial soybean cultivars in the U.S. and Canada, and some have been fully characterized ([@b14-ppj-35-698]; [@b19-ppj-35-698]).

In South Korea, PRSR was first discovered in soybean fields located in Hongseong and Cheongyang, Chungnam in 1996 ([@b21-ppj-35-698]). [@b21-ppj-35-698] identified an isolate of *P. sojae* (P-9664) in Chungnam and reported the levels of susceptibility of eight elite soybean cultivars to the *P. sojae* isolate. This isolate has not been considered as a severe problem for two decades. In recent years, paddy fields used for paddy rice cultivation are now being utilized for the cultivation of soybean and other upland crops. In such poorly drained fields, root rot diseases by soil-borne pathogens, e.g., *P. sojae*, have been reported to occur more frequently. There has been little study on the interaction between soybean and *P. sojae* isolates in South Korea in the recent decade, and thus, it is necessary to investigate the resistance of major soybean cultivars to *P. sojae*. The present study aimed (1) to report two new isolates of *P. sojae*, and (2) to evaluate major soybean cultivars against four isolates of *P. sojae* originating from South Korea.

A total of four isolates of *P. sojae* were used to inoculate plants in the present study ([Table 1](#t1-ppj-35-698){ref-type="table"}). Two isolates, P-9662 (KACC No. 40412) and P-98145 (KACC No. 40468), which were isolated in fields in Chungnam were obtained from the Korean Agricultural Culture Collection (KACC), National Agrobiodiversity Center, Rural Development Administration, Suwon, Gyeonggi, South Korea. The other two were isolated from diseased plants found in soybean fields located in Suwon, Gyeonggi, and Miryang, Gyeongbuk, South Korea in 2016. The new *P. sojae* isolates were isolated in two geographic regions of South Korea distinct from previously reported locations, which indicates that the new isolates may be genetically different and possess virulence pathotypes that are different from those of isolates P-9662 and P-98145.

The isolation of a single zoospore was first conducted to obtain pure cultures of isolates. Two different media, 10% V8 agar and PBNIC media, were used for rapid cultivation and as *Phytophthora* semi-selective medium, respectively ([@b15-ppj-35-698]). PBNIC media contained Benlate (50% benomyl, 10 mg/l), PCNB (pentachloronitrobenzene, 54 mg/l), and Rovral (50% iprodione, 40 mg/l) for the control of nonpythiaceous fungi, and neomycin sulfate (100 mg/l) and chloramphenicol (10 mg/l) for bacterial control. All the PBNIC amendments, except Rovral, were added into 10% V8 agar, and the mixture was autoclaved for 30 min. Prior to pouring the agar into Petri dishes, Rovral was dissolved into the molten 10% V8 agar. Each isolate was grown on PBNIC media and on 10% V8 agar media at 26°C for 5--7 days under dark condition. For sporangia production, *P. sojae*--grown media were cut into 10--15 pieces (1 cm^2^), and the agar blocks were transferred into a 50 ml tube followed by the addition of sterilized water to make mycelial suspension of a 40-ml final volume. Mycelial suspension was homogenized, and 1 ml of the suspension was transferred onto a 10% V8 medium and spread out. After incubation at 26°C for 5 days under dark condition, a plug of the V8 medium, where a single sporangium was found, was cut and transferred onto a water agar medium. Next, 10--20 μl of distilled water was added to the agar plug of the medium. The media were placed in 4°C for 30--50 min, and the sporangia were observed with a microscope. For broken sporangia, water with a zoospore was pipetted into a 1.5 ml tube and mixed with additional 50--100 μl of distilled water. A volume of 5 μl of the zoospore suspension was pipetted on the surface of a water agar medium followed by incubation at 26°C for 24 h under dark condition.

Following single spore isolation, the four isolates were morphologically characterized. *P. sojae* has a distinct, slow-growing pattern on PBNIC media ([@b15-ppj-35-698]). All the four *P. sojae* isolates grew slowly and mycelium appeared on PBNIC media after 2--3 days (data not shown). The morphology of mycelia, hyphae, oospore, sporangium, and zoospores was observed for each isolate 7 days after they were grown on 10% V8 media. The observed characteristic agreed with those expected in *P*. *sojae* for the four isolates. [Fig. 1](#f1-ppj-35-698){ref-type="fig"} presents the morphological characteristics of P-9662, as a representative of the four isolates. Mycelium was well-formed with white colony on 10 % V8 media; it was branched to almost 90°, there were no septa in the mycelia, and the hyphal tips were curved ([Fig. 1A and B](#f1-ppj-35-698){ref-type="fig"}). An oospore was well-formed with amphigynous antheridia on a 10% V8 medium ([Fig. 1C](#f1-ppj-35-698){ref-type="fig"}). Sporangia began to form 3 days after the spread-out of the mycelia suspension, and a sporangium was well-formed in 5 days ([Fig. 1D](#f1-ppj-35-698){ref-type="fig"}). Zoospores released from a sporangium are shown in [Fig. 1E](#f1-ppj-35-698){ref-type="fig"}.

The *P. sojae* isolates were also identified by polymerase chain reaction (PCR), in which two other *Phytophthora* species, *P. infestans* and *P. capsici*, were included as negative controls. Isolates of *P. infestans* and *P. capsici* were obtained from the Highland Agriculture Research Institute, Pyeongchang-gun, Gangwon-do, South Korea, and the Gyeongsnagbuk-do Agricultural Research and Extension Service, Daegu, South Korea, respectively. Isolates were grown on 10% V8 media at 25°C in darkness for 5--7 days. Mycelia were scraped off from the cultures and macerated with 0.5 mm glass beads in 1.5 ml tubes. Genomic DNA of each isolate was extracted using a NucleoSpin Plant Π Kit (Macherey-Nagel, Düren, Germany) as per the manufacturer's protocol. The DNA concentration of each isolate was determined by a spectrophotometer (BioDrop, Cambridge, UK) and diluted in 50 ng/μl. Pairs of PCR primers were suggested for molecular detection of *P. sojae*--specific internal transcribed spacer regions in previous studies ([@b7-ppj-35-698]; [@b38-ppj-35-698]). *P. sojae*--specific primers, PSOJF1 (5′-GCCTGCTCTGTGTGGCTGT-3′)/PSOJR1 (5′-GGTTTAAAAAGTGGGCTCATGATC-3′), from the study of [@b7-ppj-35-698] were used to confirm the identification of *P. sojae*. PCR was performed using AccuPower PCR premix (Bioneer, Daejeon, Korea) as per the manufacturer's protocol and with a final volume of 20 μl, including 50 ng of genomic DNA, 10 pmole primers, 1.0 U of *Taq* polymerase (Bioneer), 250 μM dNTP, 1× reaction buffer (10 mM Tris-HCl \[pH 9.0\], 30 mM KCl). PCR was conducted as follows: an initial denaturation at 94°C for 5 min, 25 cycles of 94°C for 30 s, 65°C for 30 s, and 72°C for 30 s, and a final extension at 72°C for 10 min. The PCR products were resolved on a 1.5% Tris-Borate-EDTA agarose gel and stained with Dyne LoadingStar (Dyne Bio, Seongnam, Korea). A clear PCR band of approximately 120--130 bp was amplified using the primers PSOJF1/R1 for the four isolates of *P. sojae*, whereas no amplicon was observed for the two other species ([Fig. 2](#f2-ppj-35-698){ref-type="fig"}). The sizes of the PCR amplicons of the four *P. sojae* isolates were highly consistent with those in previously published studies ([@b7-ppj-35-698]; [@b32-ppj-35-698]). The negative controls demonstrated the specificity of the PCR amplification for *P. sojae*. The result provides molecular evidence for the identification of *P. sojae*, in addition to the morphological characteristics described above.

A total of 21 soybean genotypes were evaluated to investigate the presence or absence of *R*-gene--mediated resistance to *P. sojae* using the four isolates, including 20 soybean cultivars most widely grown in South Korea and a U.S. cultivar, 'Williams,' as a susceptible control that has none of the known *Rps* genes ([@b16-ppj-35-698]; [@b37-ppj-35-698]). Inoculum preparation and hypocotyl inoculation were conducted as described by [@b15-ppj-35-698]. Isolates of *P. sojae* were grown on diluted V8 media (15 g of agar per liter) for 7 days. *P. sojae*--grown media were transferred into a 50 ml syringe and macerated by passing through the syringe twice to obtain mycelial slurry of *P. sojae* immediately prior to inoculation. Approximately, 10 seedlings of each genotype were grown in a 13-cm-diameter round plastic pot for 7 days. A 1 cm slit was made on the center of hypocotyl of the 7-day-old seedlings using a scalpel, and approximately 80 μl of mycelial slurry was injected into the slit on the hypocotyl using 10 ml syringes with an 18-guage needle attached. Inoculated seedlings were placed in a dew chamber (Dasol Scientific Co., Ltd., Hwaseong, Korea) overnight and then incubated in a growth chamber at 25°C. Per genotype, the numbers of dead and alive seedlings were counted 5--7 days after inoculation. The reactions of genotypes were determined as the following criteria: resistant if less than 20% dead seedlings, susceptible if over 80% dead seedlings, or intermediate if 20--80% dead seedlings ([@b15-ppj-35-698]). The experiment was repeated three times.

The reactions of the soybean cultivars following the inoculation of the four *P. sojae* isolates are summarized in [Table 2](#t2-ppj-35-698){ref-type="table"}. The presence of expanded lesion and dead seedlings indicated susceptible interaction, and healed wound and healthy seedlings were observed in resistant interaction ([Fig. 3A and B](#f3-ppj-35-698){ref-type="fig"}). The phenotypic reaction was isolate-specific in the respective soybean cultivars against each isolate, which means that a resistant cultivar to one isolate can be susceptible to another isolate. This type of resistance is generally explained by Flor's gene-for-gene theory which describes that resistance can be conditioned when an *Avirulence* (*Avr*) gene of a pathogen and an *R*-gene of a resistant plant interact after inoculation ([@b17-ppj-35-698]). Intermediate reaction was observed in a few interactions along with resistance and susceptibility. Overall, the levels of virulence of the four isolates for the major cultivars were medium to high according to the percentages of susceptible reaction; 15--20 genotypes (71.4--95.2%) showed susceptible reaction for each isolate. Six cultivars, including Daepung2, Cheongja, and Pungsannamul, exhibited resistant reaction for one or two isolates, whereas ten cultivars, including Daepung, Wooram, and Myungjunamul, were susceptible to all the four isolates used in the present study. This result indicates that many of the soybean cultivars widely grown in South Korea are susceptible to multiple *P. sojae* isolates and are potentially under threat in fields where *P. sojae* exists. Interestingly, the two KACC isolates could infect \>90% of the tested genotypes, indicating higher levels of pathogenic virulence compared to the other new isolates. No cultivar was resistant to P-9662, only two were resistant to P-98145, and five cultivars exhibited resistance to isolate 2457.

The four *P. sojae* isolates showed various virulence patterns based on the reactions of the 21 cultivars after inoculation. These results imply that there is genetic diversity in *P. sojae* population, and *P. sojae* isolates with differing pathotypes may be distributed across the geographic regions in South Korea. Both isolates P-9662 and P-98145 were identified in Chungnam and showed similar results of reactions following inoculation, whereas the other two isolated from Gyeonggi and Gyeongbuk exhibited reaction patterns distinguished from those of the Chungnam isolates. This result implies that there is genetic diversity or variability in virulence pathotypes across the geographical regions or among *P. sojae* isolates originating from South Korea. Genetic diversity and changes in *P. sojae* population have been reported in multiple countries ([@b1-ppj-35-698]; [@b14-ppj-35-698]; [@b13-ppj-35-698]; [@b34-ppj-35-698]; [@b42-ppj-35-698]). Further investigation of *P*. *sojae* population using large numbers of *P. sojae* isolates would provide a great framework for soybean breeding to achieve race-specific resistance to *P. sojae*.

In summary, the present study reported two new *P. sojae* isolates recently identified in two geographical regions in South Korea and confirmed their identification based on morphological features and molecular evidence by PCR. Major Korean soybean cultivars were tested for resistance against four *P. sojae* isolates using the hypocotyl inoculation technique. We found that six cultivars showed race-specific and immune-mediated resistance to only an isolate or two following hypocotyl inoculation. No genotypes were resistant to all the four isolates, and ten cultivars had susceptible reaction following the inoculation of all the four isolates. Although the number of *P. sojae* isolates was small, the results indicate that *P. sojae* population varies with the geographic regions of South Korea. In addition, the two new isolates have different virulence pathotypes, which are also different from those of the existing isolates based on the tested soybean genotypes. Many of the major soybean cultivars are potentially threatened by *P. sojae* infection. Therefore, the discovery of *P. sojae--*resistant germplasm, as well as the identification and introduction of *R*-gene*--*mediated resistance, is required for the improvement of current soybean cultivars in South Korea.
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![Morphological characterization of a *Phytophthora sojae* isolate, P-9662 (KACC No. 40412), after single zoospore isolation. (A) Mycelium. (B) Slender, branched, coenocytic catenulate hyphae. (C) Oospore with amphygynous antheridium; oospore. (D) Sporangium. (E) Sporangium and release of zoospores. Scale bars = 20 μm.](ppj-35-698f1){#f1-ppj-35-698}

![Molecular detection of the four isolates of *Phytophthora sojae* by polymerase chain reaction with species-specific primers PSOJF1/PSOJR1 ([@b7-ppj-35-698]). M, size marker (100--2,000 bp); lane 1, negative control1 (*Phytophthora infestans*); lane 2, negative control2 (*Phytophthora capsici*); lane 3, P-9662 (KACC No. 40412) (*P. sojae*); lane 4, P-98145 (KACC No. 40468) (*P. sojae*); lane 5, isolate 2457 (*P. sojae*); lane 6, isolate 3444-1 (*P. sojae*).](ppj-35-698f2){#f2-ppj-35-698}

![Resistant and susceptible reaction following inoculation of P-98145 into soybean cultivars Pungsannamul (A) and Wooram (B).](ppj-35-698f3){#f3-ppj-35-698}

###### 

List of four isolates of *Phytophthora sojae* used in the present study

  Isolate ID       Year of isolation   Area of isolation   Name of infected plant   Reference
  ---------------- ------------------- ------------------- ------------------------ ----------------
  P-9662           1996                Chungnam            Unknown                  KACC No. 40412
  P-98145          1996                Chungnam            Unknown                  KACC No. 40468
  Isolate 2457     2016                Gyeongbuk           Wooram                   First report
  Isolate 3444-1   2016                Gyeonggi            Unknown                  First report

KACC, Korean Agricultural Culture Collection.

###### 

Reactions of soybean genotypes following hypocotyl inoculation of the four isolates of *Phytophthora sojae*

  Name of genotype                    Reactions                           
  ----------------------------------- ----------- ----------- ----------- -----------
  Williams (Susceptible check)        S           S           S           S
  Nampung                             S           S           S           S
  Dawon                               S           S           S           S
  Daewon                              S           S           R           S
  Daepung                             S           S           S           S
  Daepung2                            S           S           R           S
  Myungjunamul                        S           S           S           S
  Seonyu                              S           S           S           I
  Seonpung                            S           S           S           I
  Sinpaldal2                          S           S           S           S
  Sinhwa                              S           S           S           S
  Yeonpung                            S           S           S           S
  Wooram                              S           S           S           S
  Jinpung                             S           S           S           S
  Cheonsang                           S           S           I           I
  Cheonga                             S           S           S           I
  Cheongja                            S           R           S           R
  Taekwang                            I           S           S           I
  Pungsannamul                        S           R           R           S
  Pungwon                             S           S           R           S
  Hwangkeum                           S           S           R           S
  No. of resistant genotypes (%)      0 (0)       2 (9.5)     5 (23.8)    1 (4.8)
  No. of susceptible genotypes (%)    20 (95.2)   19 (90.5)   15 (71.4)   15 (71.4)
  No. of intermediate genotypes (%)   1 (4.8)     0 (0)       1 (4.8)     5 (23.8)

R, resistant reaction; S, susceptible reaction; I, intermediate reaction.
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